Many solid state systems employ radiation detecting probes which are small in size and convenient in use, and which may be capable of a precision of some 2 percent. They have, therefore, been widely used both in routine clinical work and in laboratory research. Many different radiation-induced changes have been investigated for dosimetric purposes, each requiring a particular type of probe and an appropriate measuring system, but not all the systems described in the literature have survived commercially. An experimenter wishing to use one of the systems listed below may have to obtain the necessary material and set up the appropriate measuring apparatus himself. The most widely used system, and one which is commercially available, is thermoluminescent dosimetry (TLD) .
Although many of the mechanisms of structural damage or electron and hole trapping which form the basis of solid state dosimetry are well understood qualitatively, the response of a particular sample of material to irradiation is often dependent upon its recent thermal and irradiation history. In a few materials, notably pure silicon and germanium, the average energy required to create a pair of charge carriers is known accurately. However, there is great difficulty in determining the active volume of the probe, i.e., the region from which charge carriers are collected, unless total absorption of the incident beam can be assumed. The assumption is valid for low-energy x rays (Greening et aZ., 1969) . In general, solid state systems are not suitable for the absolute measurement of absorbed dose. Each must be calibrated against some more basic systemcalorimetric, chemical or ionization.
Several of the systems discussed below have been used successfully with pulsed radiation from accelerators up to high values of absorbed dose per pulse. However, the published information on dose rate dependence is generally insufficient to allow firm conclusions to be drawn about the upper limit of total dose or dose per pulse which may be used without change of response. An investigator must, therefore, carry out adequate checks if he wishes to use a system near to or beyond the limits already established by other workers. Many of the published studies were carried out some years ago, possibly with materials possessing properties different from those of the materials available now. A routine checking procedure is described in a later section.
Classes of Dosimeter
Solid state dosimeters may be divided into two broad classes: (a) those which integrate the total absorbed dose 31 received; and (b) those which indicate absorbed dose rate. The latter are generally conductivity systems. The integrating dosimeters may be further subdivided into two groups-those which allow the radiation-induced centers to be measured without destroying them (e.g., the coloration of glasses), and those in which the measuring procedure empties the traps (e.g., thermoluminescence) so that the readout is "once only."
Integrating Dosimeters
In these systems, the changes induced by ionizing radiation are relatively long-lived, so the final alteration is an indication of the total absorbed dose received. Electrons and holes liberated along the tracks of the secondary particles may recombine with or without consequent chemical change, or they may be captured and strongly bound by Coulomb forces to certain "trapping centers" formed by impurity atoms, imperfections in the crystal structure, or molecular interstices in an amorphous material. These trapped charges or the chemically changed species modify the bulk physical properties of the material (optical absorption, electrical conductivity, luminescence, ESR spectrum, etc.) and the observed change in anyone of these properties can be calibrated to measure absorbed dose. The radiation also produces additional trapping sites, which will be available for trapping further charge carriers.
The dosimeter material is often given a preliminary treatment (doping, etc.) to create a high density of trapping sites and thus avoid the risk of having too few sites to trap al1 the carriers liberated by the subsequent irradiation (the risk of "saturation"). This also reduces the significance of any additional sites created by the radiation. The mean lifetime of the carriers is then short (often much less than a microsecond) and the likelihood of recombination between positive and negative carriers formed in different tracks (general recombination) is small. Initial recombination, which occurs between carriers formed within a single particle track, will increase with the LET of the ionizing particles. However, this effect, if it is appreciable at all, will be allowed for automatical1y during the calibration of the system for the radiation of interest. Initial recombination, being an intratrack effect, is not affected by either dose rate or total dose.
Many different dosimeter systems have been reported in the literature. A number of the more useful ones are mentioned here, since they may be appropriate to special situations. However, since most departments using radiation are now equipped with TLD readers, and thermoluminescent dosimeters generally have satisfactory dose-rate characteristics, this type of solid state system has acquired special importance (Attix, 1967) .
Photographic film is not considered here since there may be a substantial dose-rate dependence for x and ' Y rays, particularly with incomplete processing (Ehrlich and McLaughlin, 1961) .
Choice of a System
The choice of a solid state system, therefore, involves:
(1) finding a convenient material; and (2) selecting the property whose change is to be measured. For dosimetry in radiobiology, it may sometimes be possible to select an almost tissue-equivalent material (e.g., polymethyl methacrylate or LiF) and to measure some bulk property which is changed by radiation. Greater sensitivity is often obtained by selecting a crystalline or vitreous material containing elements of higher atomic number, but this introduces energy dependence if the system is used for x-ray dosimetry.
Systems Capable of Repeated Readout

Optical Absorption
The trapping centers responsible for optical absorption in a particular spectral region are frequently sufficiently stable to allow repeated measurement. Such centers are induced by radiation in glasses, in plastics and in polymer-dye systems incorporated into some carrier (see Table 5 .1).
The limits given in the table are taken from the publications quoted. They should not be assumed to apply to different samples of the same material without careful checks and are quoted for guidance only. The wavelength to be selected for optimal absorption is a characteristic of the system chosen.
Sensitivity can be increased by using larger samples to permit a longer light path. The size of the dosimeter element may be limited, however, by the requirement that the absorbed dose should be sufficiently uniform throughout it. This is often a stringent limitation when fast electron beams have to be measured, owing to the complex effects of electron scattering. The optical density range which can be measured accurately in a conventional spectrophotometer is approximately 0.1 to 1.5, so this sets both a threshold and an upper limit to the dose range which can be measured by a single dosimeter element.
A serious practical problem is "fading," i.e., a gradual reduction of the optical absorption with time after the irradiation. This may be due to shallow traps being emptied by thermal agitation at room temperature, or the diffusion of chemically active species within the sample. In the systems listed in Table 5 .1, fading has generally been investigated, but routine checks under actual conditions of use are essential, since fading may be increased in some materials by high light levels, in others (e.g., clear polymethyl methacrylate, PMMA), by oxygen diffusion and, generally, by higher temperature. In the case of the silver activated phosphate glasses, the amount of fading depends strongly upon both the silver concentration in the glass and the wavelength at which the optical density is measured (Becker, 1965) .
Clear plastics are useful only at considerably higher dose levels than suffice for glasses. The former are of approximately unit density and some are nearly tissue equivalent for photon or electron radiation. For example, poly methyl methacrylate (PMMA) has been widely used in pulse work and is capable of good precision. The material generally available in commerce, however, often contains UV -absorbing additives and other impurities which cause its response to radiation to change with time. Batches of specially pure PMMA have been prepared by the manufacturers from time to time. Full details of the system have been published (Boag et al., 1958; Berry and Marshall, 1969) . Fading is less than 5 percent over the first 24 hours and thereafter is very slow-about 2 percent per week. In several papers, Chadwick (1969; 1971 ), Chadwick et al. (1973 1978) and Ten Broeke et al. (1977) have described the characteristics of the PMMA dosimeter and the factors affecting fading (Chadwick and Leenhouts, 1970) . In their later papers, these authors recommend that a wavelength of 314 nm be chosen for the optical density measurements since the fading of the induced optical density at this wavelength is less affected by differences in storage temperature after irradiation and is more uniform from batch to batch. The original publications should be consulted.
Many of these systems must be measured with a UV spectrophotometer. The accuracy of this instrument can be the limiting factor in the accuracy of the dosimeter system, as has been demonstrated by Crookall and Marshall (1970) , especially when measuring near the UV limit of the instrument. Plastics containing organic dyes, on the other hand, can be measured by their absorption of visible light and some of these "doped" materials (Table 5 .1) can be used in a lower range of absorbed doses than the clear plastics. Systems which have been widely used are a special red PMMA (Marshall and Orton, 1966) and cellophane foils containing various dyes (Stolz, 1966) . Plastics containing radiochromic dyes have been developed (McLaughlin et al., 1973 (McLaughlin et al., , 1975 which can be made muscle-or boneequivalent, which fade only slowly, and which are almost independent of absorbed dose rate up to high values. In these systems, the active substance is a dye precursor, Notes: The information in this table is taken from the original publications listed in the last column. In some cases, these publications quoted values of exposure (R), in others, values of absorbed dose (rad). The authors' figures for either R or rad have been divided by 100 to arrive at Gy or Gy s -1 in columns 2 and 3. It is assumed, though this is not always explicitly stated by the authors, that the calibration refers to absorbed dose in water, not in the dosimeter material. The table includes a number of materials which have not been widely used , but which may still be suitable for special applications. The original publications should be consulted. The lower limits for absorbed dose in column 2 are set by the sensitivity of the measuring devices and the care taken in using them, the upper limits by departure from linearity or difficulty in measurement. These limits are for guidance only. When th e experimenter found no loss of efficiency at the upper limit quoted. ihis is preceded by the> sign.
in which the dye molecule is uncoupled by the radiation absorption.
Luminescent Systems
Trapped electrons and positive holes induced in a material by ionizing radiation often affect its luminescence in response to subsequent UV irradiation. This "radiophotoluminescence" (RPL) can be calibrated to provide a measure of the absorbed dose which caused it and the luminescent centers are not destroyed by repeated UV stimulation. The physical principles involved have been described by Schulman (1967; 1969) , and an extensive review has been published by Becker (1969) . Silver-activated alumino-phosphate glasses have proved to be sensitive and stable materials which have found application in clinical dosimetry in the form of small rods (1 mm diameter X 6 mm long). For measuring the lower dose levels of interest in personnel monitoring, rectangular glass blocks (8 mm X 8 mm X 4 mm) have been used (Maushart, 1969) . The luminescent response is complex and the RPL intensity may increase for a time after irradiation and subsequently decline. This behavior can be modified by heat treatment. The response of both high-Z and low-Z phosphate glasses has been shown to be independent of dose rate up to 2 X 10 9 Gy S-1 (Tochilin and Goldstein, 1966) . The linear dose range of a phosphate glass is dependent upon the dimensions of the dosimeter element which will affect the internal absorption of both the stimulating and the emitted light, the read-out geometry which will affect the optical path lengths, and the spectral region of the fluorescence which is detected (Becker, 1965; Barr et al., 1961) .
The sensitivity of phosphate glasses is limited in simple fluorimetry with continuous UV exposure by the background produced by the pre-dose or matrix fluorescence of the glass. However, Kastner et al. (1968) have shown that the decay time of the visible fluorescence which is proportional to the absorbed dose is at least an order of magnitude longer than the decay of visible fluorescence characteristic of the unexposed glass, and so accuracy can be improved by measuring the fluorescence after an appropriate delay following pulsed UV excitation.
Damage due to ionizing radiation can alter the normal UV -luminescence of a material such as anthracene (Birks, 1950) and this type of damage has been used (Schulman et al., 1957; Attix, 1959) to measure very high levels of absorbed dose. Using excitation at 365 nm and observation at 444 nm, the dose ranges from 5 X 1()3 to 5 X 10 5 Gy with anthracene, and from 10 5 to 5 X 10 7 Gy with p-quaterphenyl have been covered. No dose rate effects have been found in the range from 500 to 1.6 X 10 6 Gy/h.
Systems Permitting Only Single Readout
In certain materials, the electrons and holes generated by ionizing radiation are held in relatively shallow traps from which they can be freed by raising the temperature. The light emitted by the recombination of the freed carriers with oppositely charged species is then a measure of the radiation energy originally absorbed and retained. This thermoluminescent dosimetry (TLD) has found widespread application in clinical and biological work and also in radiation protection monitoring where, because of its superior qualities, it has largely replaced film dosimetry. Very small samples of material give adequate sensitivity and some materials suitable for TLD are almost tissue equivalent in their response to ionizing radiation. There is an extensive literature on TLD and for detailed information texts such as Becker (1973) and Cameron et al. (1968) may be consulted.
TLD materials, in general, show a linear dose response at low doses followed by a region of supra-linear response, a saturation region and finally a falling response due to self absorption of luminescence by radiation induced darkening of the phosphor as the dose is further increased. These characteristics are exhibited by different TLD materials with different thresholds for the several response regions. The radiation sensitivity and the fading characteristics, as well as the energy dependence, may be modified by special irradiation and thermal treatments (Cameron et al., 1968; Mayhugh and Fullerton, 1975) . Gorbics et al. (1973) and Goldstein (1972) have examined the characteristics of three common TLD mao terials, LiF (TLD-700), Li 2 B 4 0 7 :Mn and CaF 2 :Mn, upon irradiation to high doses and at high rates. All three materials show saturation of response with doses of about 1000 Gy. LiF is dose-rate dependent above 10 9 Gy S-1 whereas LhB 4 0 7 :Mn appears to be rate insensitive up to at least 10 10 Gy S-1. While calcium sulphate activated with manganese (Bjarngard, 1963) will detect doses as low as 10-7 Gy, it suffers from very rapid fading, as much as 40 percent in one day, whereas calcium sulphate activated with dysprosium or thulium has a much superior performance (Yamashita et at., 1968) . CaS0 4 :Dy is some 20 times more sensitive than LiF and shows trivial fading (Mejdahl, 1970) . Its response is linear up to 30 Gy, about an order of magnitude better than LiF (TLD-700) and reaches saturation at about 1000Gy.
Systems Indicating Absorbed Dose Rate
Semiconductor Devices
In th~se devices, electron-hole pairs created by ionizing radiation are collected by an appropriate electric field and the resulting current measured. The response is proportional to the number of electron-hole pairs created and to the efficiency with which they can be collected. The problems are, therefore, somewhat similar to those encountered in a gaseous ionization chamber, with the difference that in the solid state, the stopping powers are greater by a factor of about 1000, only about one-tenth of the energy is required to produce a pair of charge carriers, and, in high purity materials, the collection times are normally (but not necessarily) shorter. An adequate theoretical analysis of the recombination problem in semiconductors is, however, lacking.
To prevent undue trapping or excessive thermal generation of carriers at room temperature, high quality semiconductors must be used. Silicon is the best material for operation at room temperature, and has, moreover, a relatively low atomic number. Even with silicon, the thermal production of carriers can be sufficiently reduced only by using as the "sensitive volume," i.e., that from which carriers are collected, the small depletion zone which forms at the junction between p-type and n-type material (Parker, 1967) . Across this depletion zone, there arises in silicon an inherent potential of about 0.7 volt. This collecting potential can be increased by applying a reverse bias. Silicon detectors can be used either with or without such an external applied field.
In general, semiconductor dosimeters are used for clinical measurements when a determination of the mean absorbed dose rate is required. However, the rise-time can be short enough «10 ns) for individual pulses to be detected. The semiconductor dosimeters considered here are those constructed from specially purified material, such that the minority carrier lifetime is greater than 1 ms. The use of ordinary diodes has been reported (Trump and Pinkerton, 1967; Whelpton and Watson, 1963; Jones, 1977) but these are constructed of inferior material and are likely to be inferior in performance and stability.
Semiconductors Operated with an Applied Potential
The depletion region, which in silicon is normally about 100 /-Lm in thickness, can be increased to several mm by using lithium-drifted material and by applying a large reverse bias potential. Within this region, which acts as the sensitive volume of the detector, any electron-hole pairs created by the ionizing radiation are swept apart and collected by the electric field in a time which is short (~1O nanoseconds) co mpared with the average time required for recombination or trapping. Allowance must be made for the background current due to thermally generated carriers and surface leakage. The method is capable of good precision at high absorbed dose rates provided a sufficiently high electric field is used. Little information has been published on the upper limit of dose rate which can be measured, but Kuckuck et at. (1966) , using a double-diffused p-i-n silicon device 250 ~m thick with an electric field strength of 4 X 10 4 V fcm, obtained 48A peak current with a rise time of < IOns. The energy fluence rate was given as 10 19 MeV cm-2 S-1, which presumably corresponds to some 10 7 Gy S-I. Friedman (1971) also found linearity of response with respect to absorbed dose rate up to 10 7 Gy S-I, when using a p-i-n detector to measure in the beam from a 10 MeV electron accelerator.
Semiconductors Operated with No External Applied Field
Since an electric field exists across the small depletion region even in the absence of an external reverse bias voltage, charge carriers entering this region will be collected. The sensitivity of this photovoltaic method can be greatly extended by the use of material with a long lifetime for minority carriers. In silicon, 2-3 ms is possible, and in this time, carriers can diffuse 2-3 mm through the material. The sensitive region is then no longer limited to the depletion zone, but extends to 2-3 mm depth.
The main features of the system can be explained by diode theory (Jones, 1963) and in order to get a linear response with dose-rate, and be independent of ambient temperature, low impedance circuitry should be used, resulting in what is essentially a current measurement. Used in this way, the system is linear with respect to dose rate up to at least 100 Gy S-I (mean dose rate during the 2 ~s electron pulse) (Parker and Morley, 1967; Osvay et at., 1975) . If high impedance circuitry is used, saturation effects occur when the voltage drop in the external circuit approaches 0.7 V (Parker and Morley, 1967) . Current measurements are therefore advised, but care must be taken in the choice of the amplifier input impedance because of possible temperature effects (Petushkov and Parker, 1973) .
Whenever high purity semiconductor materials are (1964) have reported radiation damage due to a )'-ray dose as small as 100 Gy. The damage is uniformly distributed throughout the detector and takes the form of Frenkel defects, that is, the displacement of lattice atoms resulting in the production of pairs of vacancies and interstitials. These sometimes combine with other impurity centers. The traps so introduced may have a variety of energy levels within the band gap, and their effect is to decrease both the majority carrier concentration and the minority carrier lifetime. The former effect leads to higher resistivity and thus increased depletion depth at a given bias. The latter effect results in increased reverse current and noise; and in decreased radiation-induced current and open circuit voltage. The effect on the short circuit current is expected to be greater than on the radiation-induced current when bias is used, since the effect of trapping is reduced under higher electric fields. Parker and Morley (1967) report sensitivity changes of around 0.5 percent per 100 Gy up to 5 X 10 3 Gy for n-type silicon, but Osvay et at. (1975) show that the effects can be reduced using p-type silicon.
Checking a System for Linearity of Response
It will not always be possible to calibrate a particular dosimeter for linearity of response against an absolute standard of reference. A method of checking for linearity by a series of measurements on the system itself must then be devised.
The linearity with respect to total absorbed dose can be checked first by placing the dosimeter at a fixed point in the radiation beam and measuring its response to different numbers of pulses, the dose per pulse being maintained small and constant by careful control of the radiation source parameters. Alternatively, the mean dose per pulse may be determined by an independent monitor in the beam, if small variations are unavoidable.
Secondly, linearity with respect to the dose per pulse can be checked by irradiating the dosimeter at a fixed poht on the beam axis and varying the dose per pulse from the source, to avoid saturation effects of any kind.
In an x-ray beam, the inverse square law can provide an accurate scale of relative dose rates for constant output from the source, but in an electron beam, scatter in the air disturbs the axial dose distribution and some method of monitoring the dose per pulse is essential (see Section 4.5.8) .
